THz pulse generation in a nonlinear echelon slab structure is demonstrated. The setup uses a plane-parallel nonlinear optical crystal slab, which ensures a good-quality, symmetric THz beam and enables scalability to high pulse energies.
I. INTRODUCTION
CCELERATION of electrons [1] and protons [2] is new, promising application of intense THz pulses. Optical rectification of ultrashort laser pulses with tilted pulse front (TPF) in lithium niobate (LN) [3] has become a standard technique for efficient THz generation. Conventionally, a prism-shaped LN crystal is used with a large wedge angle equal to the pulse-front tilt (63°), which negatively affects the THz beam quality. This is especially problematic in highenergy THz sources, where a large-diameter pump beam is needed. In a modified TPF-pumped THz generation scheme, the pump beam is reflected from an echelon [4] . Contrary to the conventional continuous pulse front, a segmented TPF is formed in this case. A high THz generation efficiency was achieved, but this setup also requires a prism-shaped nonlinear crystal with the same wedge angle as in the conventional setup. In this work we demonstrate a new hybrid-type setup with uniform crystal length. It enables to produce a goodquality, symmetric THz beam and easy scalability to high pulse energies.
II. CONCEPT AND EXPERIMENTAL SETUP
The proposed hybrid-type setup [5] is a combination of the conventional scheme, containing diffraction optics and imaging, and a nonlinear material with an echelon profile on its entrance surface (nonlinear echelon slab, NLES, Fig. 1 ). Contrary to all setups used so far, a plane-parallel nonlinear crystal can be used here. Hence, the absorption, the dispersion, and the nonlinear effects are uniform across the THz beam profile. This advantage, together with the reduced imaging errors, enables the realization of a scalable THz pulse source with a symmetric beam profile and excellent focusability for applications.
To prove the concept, a prototype LN NLES device has been manufactured by diamond milling (Kugler GmbH, Salem, Germany). The slab thickness was 3 mm, the step size w = 50 μm and h = 92 μm (Fig. 1a ). The dimensions of the slab were 5 mm × 8 mm, along and perpendicularly to the steps, respectively.
Pump pulses with a maximum energy of 2 mJ, a pulse duration of 200 fs, and a central wavelength of 1030 nm were used in the experiment. At the pump wavelength used and at room temperature, a pulse-front tilt of about 63° is required for phase matching in LN. In case of the NLES, this pulse-front tilt angle needs to be produced in air, at the entrance of the crystal. This is in contrast to the conventional setup where a larger angle of 77° is needed in air, which is then reduced to 63° by refraction upon entering the LN prism. The smaller tilt angle is advantageous for reducing imaging errors of the grating-lens system.
When the pump beam enters the NLES, the local tilt angle is reduced because of the change in the angular dispersion due to refraction. However, the average pulse-front tilt angle across the pump spot remains unchanged. This leads to the formation of a segmented pulse front.
A transmission grating with 1600 mm -1 line density was used at an incidence angle close to the Littrow angle. To ensure the necessary pulse-front tilt at the crystal, the nearinfrared achromat lens used for imaging had to provide a magnification of about 1.4. We note that a more optimal design should involve demagnification, rather than magnification, as then the pump intensity is higher at the crystal than at the grating.
The optic axis of the Y-cut LN slab was parallel to the echelon lines. The LN slab was at room temperature. The polarizations of the pump and THz beams were perpendicular to the plane of Fig. 1 . The THz pulse energy has been measured by a calibrated pyroelectric detector. THz waveforms have been measured by electro-optic sampling in a [110]-cut 1-mm thick GaP. A small fraction of the 200-fs pump pulses was used for the sampling. For comparison, a one-dimensional model predicted about 6× higher efficiency (3×10 -3 ) for a case similar to that in the experiment (see Fig. 6f in Ref. [5] ), but at a cryogenic temperature of 100 K. Expectedly, the efficiency achievable experimentally can be improved in several ways. (i) Cryogenic cooling of the NLES reduces the absorption in the THz range, and can result in a ~3× increase of the efficiency. (ii) In the experiment, the effect of NLES edge resulted in a significant decrease of the average effective crystal length to about 63% of the full 3 mm length due to pump-THz walk-off and the small NLES size (8 mm perpendicularly to the grooves). A further increase in efficiency by nearly a factor of 2× can be expected from reducing edge effect by increasing the size of the NLES and from increasing the effective area by improved manufacturing technology for a better step profile. (iii) A pump pulse with a longer Fourier-limited pulse duration (0.5-1 ps, instead of 200 fs), in combination with a longer crystal and a sufficiently large aperture, can lead to still further enhancement of the efficiency by a factor of 2 to 3 [5] . Taken together, improvements (i), (ii), and (iii) can expectedly increase the efficiency by about one order of magnitude.
An example of the measured THz waveform is shown in the inset of Fig. 3 . The measured waveform has a nearly singlecycle shape, in reasonably good accordance with numerical simulations [5] . The amplitude spectrum, calculated by Fourier transformation from the measured waveform, can be seen in the main part of Fig. 3 . The peak spectral intensity is at about 0.33 THz frequency. The main part of the spectrum extends to about 0.7 THz, followed by a weaker tail, extending beyond 1.5 THz. Because of the segmented pump pulse front and the associated phase mismatch, lower frequencies can be generated more efficiently than higher ones in this type of source.
IV. CONCLUSION
A new type of tilted-pulse-front pumped THz source has been demonstrated, which is based on a LN plane-parallel slab with an echelon structure on its input surface. Single-cycle pulses of 1.0 µJ energy and 0.33 THz central frequency have been generated with 5.1×10 -4 efficiency from such a source. One order-of-magnitude increase in efficiency is expected by pumping a cryogenically cooled echelon of increased size and thickness with optimal pump pulse duration. The use of a plane-parallel nonlinear optical crystal slab enables straightforward scaling to high THz pulse energies. The absorption, the dispersion, and the nonlinear effects are uniform across the THz beam profile. This advantage, together with the reduced pump beam imaging errors enables and to produce a symmetric THz beam with uniform pulse shape for excellent focusability and high field strength. Such a source can be especially suitable to generate low THz frequencies for THz-driven particle acceleration and other applications. 
